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Hydrogen  storage  capacities  of  raw,  oxidized,  purified  and  Fe-doped  multi-walled  carbon  nanotubes 
(MWCNTs)  were  studied  by  electrochemical  method.  Based  on  transmission  electron  microscopy  and 
Raman  spectroscopic  data,  thermal  oxidation  removed  defective  graphite  shells  at  the  outer  walls  of 
MWCNTs.  The  analysis  results  indicated  that  the  acid  treatment  dissolved  most  of  the  catalysts  and 
opened  some  tips  of  the  MWCNTs.  Thermal  gravimetric  analysis  and  differential  scanning  calorimetry 
results  illustrated  that  by  oxidation  and  purification  of  MWCNTs,  the  weight  loss  peak  shifts  toward  a 
higher  temperature.  N2  adsorption  isotherms  of  the  purified  and  oxidized  MWCNTs  showed  an  increase 
in  N2  adsorption  below  P/P0  =  0.05,  suggesting  that  microporous  structures  exist  in  the  purified  and  oxi¬ 
dized  MWCNTs.  The  electrochemical  results  revealed  that  the  Fe-doped  MWCNTs  produced  the  highest 
hydrogen  storage  capacities  compared  to  the  other  samples  in  various  sweep  rates.  According  to  elec¬ 
trochemical  analyses,  the  peak  currents  of  hydrogen  adsorption/desorption  increased  by  increasing  the 
catalyst’s  active  surface. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  hydrogen  is  recognized  as  an  ideal  fuel  for  energy 
conversion  because  of  high  efficiency  and  its  role  in  the  reduc¬ 
tion  of  air  pollution  [1].  However,  due  to  the  existence  of  major 
scientific  challenges,  it  has  not  been  so  far  used  in  great  extent. 
Further,  developing  a  safe,  effective  and  cheap  hydrogen  storage 
system  is  the  main  challenge  [2-4].  To  date,  different  methods  of 
hydrogen  storage  have  been  applied  but  none  of  them  have  com¬ 
pletely  satisfied  the  proposed  standard  by  the  US  Department  of 
Energy  (DOE)  [2].  Therefore,  in  order  to  obtain  a  high  efficient 
hydrogen  storage,  new  porous  materials  such  as  carbon  nanotubes 
(CNTs),  carbon  nanofibers  and  active  carbons  have  been  consid¬ 
ered  for  this  purpose  [1,2,5].  Since  the  report  of  Dillon  et  al.  [6]  on 
a  possible  5-10%  hydrogen  storage  capacity  for  single-walled  car¬ 
bon  nanotubes  (SWCNTs)  due  to  their  better  electrical  property, 
small  density,  high  porosity  and  high  active  surface  area  for  hydro¬ 
gen  adsorption,  CNTs  have  attracted  much  attention  in  new  porous 
materials  for  safer  hydrogen  storage. 
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It  has  been  widely  reported  that  growth  [7],  synthesis  condi¬ 
tions  [8],  structure  [9-12],  purification  [13]  and  functionalization 
[14]  of  CNTs  have  a  strong  effect  on  hydrogen  storage  capac¬ 
ity.  Yi  et  al.  [15]  investigated  the  effect  of  multi-walled  carbon 
nanotubes  (MWCNTs)  on  electrochemical  properties  of  Ni-CNTs 
treated  with  different  temperatures  under  nitrogen  ambient  and 
showed  that  the  Ni-CNTs  treated  at  800  °C  have  a  better  hydro¬ 
gen  storage  property  as  compared  with  other  temperatures.  Fazle 
Kibria  et  al.  [7]  investigated  the  hydrogen  storage  behavior  of 
undoped  CNTs  as  well  as  Li-,  Na-,  and  K-doped  CNTs  by  electro¬ 
chemical  method  and  found  that  metal-doped  CNTs  stored  higher 
amounts  of  hydrogen  than  the  undoped  CNTs.  Feng  et  al.  [16] 
showed  that  the  amount  of  MWCNTs  of  Ni-MWCNT  electrode 
prepared  by  composite  electro-deposition  method  can  be  up  to 
22.45%  for  hydrogen  storage.  Hsieh  et  al.  [17]  in  an  investiga¬ 
tion  on  the  electrochemical  hydrogen  storage  characteristics  of 
Ni-doped  CNTs  found  that  the  specific  current  for  hydrogen  stor¬ 
age  increases  with  the  increasing  of  Ni  loading.  Lombardi  et  al.  [18] 
found  that  vacuum  annealing  (950  °C,  1  h)  decreased  the  electro¬ 
chemical  hydrogen  storage  capacities  of  the  MWCNTs  purified  by 
nitric  acid. 

There  are  many  methods  for  the  growth  of  CNTs  but  thermal 
chemical  vapor  deposition  (TCVD)  has  many  advantages  in  that  it 
allows  CNTs  to  be  synthesized  with  high  purity,  high  yield,  selective 
growth  and  low  cost  [10,11].  Among  the  many  supports  and  cata¬ 
lysts  for  the  growth  of  CNTs  by  TCVD,  MgO  as  support  [19,20]  and 
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bimetallic  systems  of  transition  metals  as  catalyst  [21-26]  produce 
higher  yield  CNTs. 

The  present  study  aimed  at  investigating  and  compar¬ 
ing  the  effects  of  oxidation,  purification  and  doping  of  Fe 
on  the  electrochemical  hydrogen  storage  capacities  of  MWC- 
NTs.  Scanning  electron  microscopy  (SEM),  transmission  electron 
microscopy  (TEM),  X-ray  diffraction  (XRD),  X-ray  photoelectron 
spectroscopy  (XPS),  thermal  gravimetric  analysis  (TGA),  differen¬ 
tial  scanning  calorimetry  (DSC),  Brunauer-Emmett-Teller  (BET), 
Barret-Joyner-Halenda  (BJH)  and  Raman  spectroscopy  techniques 
were  used  to  evaluate  the  size,  structure,  graphitization,  yield, 
quality  and  adsorption  characteristics  of  the  raw,  oxidized,  puri¬ 
fied  and  Fe-doped  MWCNTs.  In  addition,  cyclic  voltammetry  and 
chronopotentiometry  were  used  to  determine  the  electrochemical 
characteristics  of  the  samples. 

2.  Experimental 

2. 1.  Catalyst  preparation 

Bimetallic  catalyst  of  Fe  and  Ni  supported  by  MgO  (with  the  pro¬ 
portion  of  1:1:8)  was  prepared  using  a  wet  chemical  impregnation 
method  as  follows: 

One  gram  of  MgO  powder  (99.9%-Merck)  was  dispersed  in  20  ml 
of  distilled  water  and  the  obtained  suspension  was  sonicated  for 
30  min  in  order  to  get  a  homogeneous  solution.  Then,  appropriate 
amounts  of  metal  nitrates  (Fe  (N03)3-9H20  and  Ni  (N03)2-6H20) 
were  added  to  the  MgO  suspension  and  the  mixture  was  stirred  for 
30  min.  The  prepared  impregnate  was  dried  in  an  oven  at  150  °C  for 
24  h  in  air.  After  drying,  the  mixture  was  ground  to  fine  powder  as 
catalyst. 

2.2.  MWCNT  growth 

After  preparation  of  the  catalyst,  the  sample  was  loaded  into  a 
quartz  tubular  furnace  at  the  atmospheric  pressure.  The  furnace 
temperature  was  ramped  from  the  room  temperature  to  700  °C 
in  Ar  flow  (80  seem)  for  40  min.  Then,  a  mixture  of  Ar  (20  seem) 
and  H2  (60  seem)  was  fed  into  the  furnace.  When  the  tempera¬ 
ture  stabilized  at  900  °C,  the  mixture  flow  was  stopped  and  NH3 
(80  seem)  was  introduced  into  the  furnace  at  the  same  tempera¬ 
ture  for  40  min.  Then,  temperature  of  the  furnace  was  ramped  to 
940  °C  in  10  min  under  H2  flow  at  80  seem.  When  the  temperature 
stabilized  at  940  °C,  high  purity  CH4  gas  was  introduced  into  the 
furnace  at  a  flow  of  80  seem  for  40  min.  Finally,  Ar  gas  (80  seem) 
was  reintroduced  into  the  furnace  for  cooling. 

2.3.  Purification  and  functionalization  of  MWCNTs 

Purification  of  the  grown  MWCNTs  was  performed  within  two 
steps.  Initially,  the  MWCNTs  were  heated  in  a  furnace  at  450  °C  for 
60  min  in  02  ambient  (step  1).  Then,  they  were  immersed  in  0.1  M 
nitric  acid  solution  for  4  h  at  100  °C  (step  2).  The  obtained  MWCNTs 
were  washed  out  several  times  with  deionized  water  until  the  pH 
value  of  the  solution  became  neutral.  The  sample  was  then  dried  at 
150  °C  for  24  h. 

For  functionalization  of  the  MWCNTs,  30  mg  of  the  purified 
MWCNTs  and  1  g  of  Fe  nitrate  were  immersed  in  distilled  water  and 
the  mixture  was  stirred  at  50  °C  for  1  h.  Then,  the  ionic-adsorbed 
MWCNTs  were  separated  from  the  Fe  salt  solution  using  a  filtration. 
The  obtained  Fe-doped  MWCNTs  were  heated  at  200  °C  for  24  h. 

2.4.  Sample  characterization 

Characterization  of  the  samples  was  carried  out  by  the  fol¬ 
lowing  techniques:  SEM  (Philips  XL30)  was  used  to  determine 


morphology  and  average  diameter  of  the  MWCNTs.  TEM  (Philips 
XL)  was  carried  out  for  the  accurate  determination  of  diameter, 
shape  and  microstructure  of  the  MWCNTs.  For  TEM  analysis,  the 
samples  were  prepared  with  dispersion  of  the  MWCNTs  in  ace¬ 
tone  using  an  ultrasonic  bath.  Then,  one  drop  of  the  prepared 
suspension  was  deposited  on  a  carbon  coated  copper  grid.  Raman 
spectroscopy  (HR-800  Jobin-Yvon)  was  utilized  to  determine  the 
quality  of  the  MWCNTs.  The  Raman  spectra  were  recorded  from 
200  to  2000  cm-1 .  Structure  and  graphitization  degree  of  the  MWC¬ 
NTs  were  characterized  by  XRD  using  Cu  Ka  radiation  source 
(A  =  1.541  A).  The  scanning  speed  and  step  interval  were  1°  and 
0.02°  min-1,  respectively.  TGA  and  DSC  techniques  were  employed 
to  investigate  the  yield  and  graphitization  of  MWCNTs  using  Romet- 
ric  simultaneous  thermal  analysis  (STA).  The  heating  program  was 
considered  in  a  temperature  range  of  30-850  °C  with  the  heating 
rate  of  10°Cmin-1  in  air  ambient.  A  high-performance  volumetric 
physisorption  apparatus  at  77 1<  (BET)  was  used  to  determine  the 
effective  surface  area  of  the  MWCNTs.  Pore  size  distribution  of  the 
MWCNTs  was  also  obtained  by  BJH  equation  using  the  adsorption 


Fig.  1.  SEM  micrographs  of  the  (a)  raw,  (b)  oxidized  and  (c)  purified  MWCNTs. 
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isotherm.  Chemical  composition  of  the  MWCNTs  was  determined 
by  XPS  using  Al  Ka  radiation  source  with  the  incident  energy  of 
1486.6  eV. 

2.5.  Electrode  preparation  and  electrochemical  measurements 

The  raw,  oxidized,  purified  and  Fe-doped  MWCNTs  were  used  to 
fabricate  the  electrodes  as  follows: 

Two  milligram  of  the  MWCNTs  was  added  into  a  solu¬ 
tion  of  nation  (0.1  ml)  and  deionized  water  (3  ml).  Then,  the 
obtained  solution  was  sonicated  for  30  min.  A  stainless  steel  plate 
(20  mm  x  30  mm  x  1  mm)  was  used  as  the  cathode  matrix.  After 
burnishing,  it  was  corroded  in  a  HF  solution  (30%)  for  20  min.  Then, 
the  sonicated  solution  of  MWCNTs  was  poured  dropwise  on  the 
porous  stainless  steel  plate.  Finally,  the  electrodes  were  dried  in  an 
oven  at  80  °C  for  2  h. 

Electrochemical  hydrogen  storage  capacities  of  the  MWCNTs 
were  studied  using  a  three-electrode  system  (Auto  lab  302)  at  ambi¬ 
ent  temperature  in  6  M  solution  of  NaOH  as  the  electrolyte.  A  Ni  wire 
as  the  counter  electrode  and  an  Ag/AgCl  as  the  reference  electrode 
were  used.  Cyclic  voltammetric  (CV)  measurements  of  the  prepared 
MWCNT  electrodes  were  done  in  a  potential  range  of  -1.5  to  0.5  V 
with  six  sweep  rates  of  5,  10,  20,  30,  50,  100  mvs-1.  The  experi¬ 
ments  of  charging/discharging  were  carried  out  under  the  following 
conditions: 


The  electrodes  were  charged  for  30  min  in  a  constant  current  of 
5  mA  and  discharged  under  the  same  constant  current. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  MWCNTs 

Fig.  1  shows  the  SEM  micrographs  of  the  raw,  oxidized  (step 
1)  and  purified  (step  2)  MWCNTs.  According  to  SEM  analysis,  the 
MWCNTs  have  various  lengths  and  diameters.  Fig.  1(a)  shows  the 
presence  of  impurities  in  the  samples  and  Fig.  1(b)  demonstrates 
the  decreasing  of  the  impurities  after  annealing  at  450  °C  in  02 
ambient  for  1  h.  After  purification  (Fig.  1(c)),  the  support  materials 
containing  metal  nanoparticles  were  substantially  removed.  Simi¬ 
lar  observations  have  recently  been  reported  by  other  researchers 
[13,14]. 

The  TEM  images  of  the  raw,  oxidized,  purified  and  Fe-doped 
MWCNTs  are  displayed  in  Fig.  2.  It  is  clear  that  the  raw  MWC¬ 
NTs  consist  of  encapsulated  tips  with  metal  catalysts  and  defective 
graphite  sheets  at  the  outer  wall  surfaces.  Fig.  2(b)  demonstrates 
that  defective  graphite  sheets  were  removed  after  annealing  of  the 
MWCNTs  at  450  °C  in  02  ambient  for  1  h.  According  to  our  SEM 
and  TEM  observations,  the  impurities  such  as  MgO  support  and 
metal  nanoparticles  decreased  after  purification  of  the  MWCNTs 
(Figs,  lc  and  2c).  It  is  clearly  seen  that  the  MWCNTs  have  bamboo 


Fig.  2.  TEM  micrographs  of  the  (a)  raw,  (b)  oxidized  (c)  purified  and  (d)  Fe-doped  MWCNTs. 
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Table  1 

TGA,  DSC,  Raman  spectroscopy  and  XPS  results  of  the  raw,  oxidized,  purified  and  Fe-doped  MWCNTs. 
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MWCNT  samples 

JG// d  of  Raman  spectra 

STA  results 

XPS  results 

Onset,  inflection  and 
offset  temperatures 

(°C) 

Weight  loss  (%) 

C(%) 

0(%) 

Mg  (%) 

Fe  (%) 

Ni  (%) 

Raw 

1.4 

520,  629  and  700 

44.7 

_ 

_ 

_ 

_ 

_ 

Oxidized 

2.5 

542,  641  and  700 

41 

74 

24.6 

1.4 

0 

0 

Purified 

2.2 

570,  669  and  700 

93 

- 

- 

- 

- 

- 

Fe-doped 

2.1 

548,  651  and  700 

81 

79 

19.7 

0 

1.3 

0 

like  structure  and  the  outer  diameters  of  the  raw,  oxidized  and  puri¬ 
fied  MWCNTs  are  about  80-150, 50-130  and  20-80  nm,  respectively 
(Fig.  2).  Further,  Fig.  2(d)  shows  that  Fe  nanoparticles  are  attached 
to  the  MWCNTs  with  the  average  diameter  of  about  50  nm. 

Raman  spectroscopy  was  used  to  determine  the  quality  of 
the  MWCNTs.  Table  1  shows  a  summary  of  the  results  obtained 
from  Raman  spectra  for  the  raw,  oxidized,  purified  and  Fe- 
doped  MWCNTs.  The  Raman  bands  appearing  in  1500-1605  and 
1250-1450  cm-1  of  the  spectrum  are  known  as  G  (graphitic)  and  D 
(disorder)  bands,  respectively.  The  G  band  is  related  to  the  C-C  band 
vibration  frequency  of  the  carbon  material  with  a  sp2  orbital  struc¬ 
ture  and  the  D  band  is  attributed  to  the  disorder-induced  vibration 
of  the  C-C  band  [27].  Jg//d,  intensity  ratio  of  the  peaks,  is  used  as  a 
rough  measure  of  the  sample  quality  [28].  This  ratio  is  a  relative 
response  of  the  graphitic  carbons  to  the  defective  carbons  orig¬ 
inated  from  the  intrinsic  defects  in  the  CNTs  or  the  amorphous 
carbons  located  on  the  CNTs.  The  JG// d  of  the  raw,  oxidized,  purified 
and  Fe-doped  MWCNTs  was  1.4, 2.5, 2.2  and  2.1,  respectively.  These 
results  implied  that  defective  sheets  decreased  after  both  oxidation 
and  purification.  The  decrease  in  the  quality  of  the  purified  MWC¬ 
NTs  as  compared  with  the  oxidized  MWCNTs  indicates  that  the  acid 
treatment  destroyed  some  structures  of  the  MWCNTs. 

TGA  and  DSC  curves  derived  from  STA  were  used  to  determine 
the  yield  and  the  graphitization  degree  of  MWCNTs.  The  yield  of 
MWCNTs  was  obtained  using  their  weight  loss  (%)  in  a  tempera¬ 
ture  range  of  500-800  °C.  TGA  and  DSC  results  of  the  raw,  oxidized, 
purified  and  Fe-doped  MWCNTs  are  shown  in  Table  1. 

The  measured  low  weight  loss  for  the  raw  MWCNTs  in  the  tem¬ 
perature  range  of  300-400  °C  indicates  that  almost  no  amorphous 
carbon  existed  in  the  raw  MWCNTs.  Also,  the  high  yield  of  the 
purified  MWCNTs  (93%)  shows  that  the  acid  treatment  decreased 
catalyst  particles  and  MgO  support  in  the  sample.  These  results 
were  also  confirmed  by  our  TEM  micrographs.  The  DSC  results  in 


20  (degrees) 


Table  1  illustrate  that  the  weight  loss  peak  shifts  toward  a  higher 
temperature  during  the  oxidation  and  purification  of  the  MWCNTs. 
Flowever,  for  the  Fe-doped  MWCNTs,  the  oxidation  started  at  lower 
temperature  because  the  oxidation  of  MWCNTs  is  catalyzed  by  Fe 
doping  as  compared  with  the  purified  MWCNTs.  Yoo  et  al.  reported  a 
similar  phenomenon  by  using  La  catalyst  [29].  The  higher  inflection 
temperature  and  the  smaller  difference  between  the  onset  and  off¬ 
set  temperatures  in  the  DSC  analysis  indicate  that  the  oxidized  and 
purified  MWCNTs  have  better  graphitization  properties  compared 
to  the  raw  MWCNTs  [25].  This  result  was  confirmed  by  Raman  spec¬ 
tra  and  TEM  analyses.  The  weight  loss  (%)  of  different  MWCNTs  was 
listed  in  Table  1.  Comparison  of  the  purified  and  Fe-doped  MWC¬ 
NTs  showed  that  the  amount  of  Fe  nanoparticles  attached  to  the 
MWCNTs  was  about  12%. 

The  XRD  results  of  the  raw,  oxidized,  purified  and  Fe-doped 
MWCNTs  are  shown  in  Fig.  3.  Presence  of  a  peak  at  around 
20  =  26.30°  is  characteristic  of  the  formation  of  MWCNTs.  The  peaks 
at  20  =  38.14°  and  77.90°  indicate  the  presence  of  Fe3C.  In  addition, 
the  peaks  at  20  =  37.02°,  42.93°  and  62.35°  are  characteristic  of  the 
presence  of  MgO.  Moreover,  the  peaks  at  20  =  43.86°  and  51.05°  are 
indicative  of  Fe-Ni  alloy  formation  and  the  peak  at  20  =  82.50°  indi¬ 
cates  the  presence  of  Fe.  Investigation  of  the  XRD  results  in  Fig.  3 
shows  that  the  intensity  of  graphite  peak  (0  0  2)  increases  by  both 
oxidation  and  purification.  These  results  were  confirmed  by  our 
TEM,  DSC  and  Raman  spectroscopy  analyses.  Fig.  3(c)  shows  that 
the  MgO  peaks  were  removed  in  the  nitric  acid  treated  MWCNTs. 
Also,  the  intensity  ratio  of  Fe-Ni  peak  to  the  graphite  peak  of  the 
purified  MWCNTs  decreased  compared  to  the  raw  and  oxidized 
MWCNTs. 


Binding  energy  (eV) 


Fig.  3.  XRD  results  of  the  (a)  raw,  (b)  oxidized  (c)  purified  and  (d)  Fe-doped  MWCNTs. 


Fig.  4.  XPS  results  of  the  (a)  oxidized  and  (b)  Fe-doped  MWCNTs. 
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Fig.  5.  N2  adsorption  and  desorption  isotherms  of  the  raw,  oxidized  and  purified 
MWCNTs. 


The  XPS  results  of  the  oxidized  and  Fe-doped  MWCNTs  are 
shown  in  Fig.  4  and  Table  1 .  The  percentages  of  the  elements  existed 
on  the  surface  of  the  oxidized  and  Fe-doped  MWCNTs  are  listed 
in  Table  1.  As  Table  1  shows,  there  is  no  Fe-Ni  catalyst  on  the 
surface  of  the  oxidized  MWCNTs.  It  can  be  seen  from  Fig.  4(a) 
and  (b)  that  the  broad  C  (Is)  peaks  of  the  oxidized  and  Fe-doped 
MWCNTs  are  well-fitted  by  three  and  four  components,  respec¬ 
tively.  Fig.  4(a)  shows  a  large  peak  at  284.5  eV  (sp2  C=C)  and  two 
smaller  shoulders  at  around  286  eV  (C-O)  and  285.4 eV  (sp3  C-C) 
[13,30,31].  Fig.  4(b)  also  shows  a  peak  at  284.5  eV  (sp2  C=C)  and 
three  smaller  shoulders  around  288.7  eV  (C=0),  286  eV  (C-O)  and 
282.4  eV  (Fe-C)  [13,30-32].  The  XPS  results  confirmed  the  forma¬ 
tion  of  C=0  hybridization  and  that  sp3  C-C  band  disappeared  on 
the  surface  of  MWCNTs  by  acid  treatment.  In  addition,  the  exis- 


Fig.  6.  Pore  size  distribution  of  the  (a)  raw,  (b)  oxidized  and  (c)  purified  MWCNTs. 


tence  of  Fe-C  bands  on  the  surface  of  MWCNTs  is  indicative  of  the 
attachment  of  Fe  atoms  to  the  surface  of  MWCNTs. 

N2  adsorption  at  77  K  is  known  as  a  powerful  and  conve¬ 
nient  method  to  determine  the  pore  size  distribution,  pore  volume 
and  specific  surface  area  of  porous  materials.  Fig.  5  depicts  N2 
adsorption  isotherms  of  the  raw,  oxidized  and  purified  MWCNTs. 
Adsorption  isotherms  of  the  oxidized  and  purified  MWCNTs  exhib¬ 
ited  an  increase  in  N2  adsorption  below  P/P0  =  0.05,  confirming  the 
existence  of  the  microporous  structures  in  the  oxidized  and  purified 
MWCNTs  [33,34].  The  isotherms  also  indicated  adsorption  hystere¬ 
sis  behavior  of  the  oxidized  and  purified  MWCNTs  in  the  P/P0  >  0.3, 
due  to  capillary  condensation  in  the  mesopores  (Fig.  5).  The  nitro¬ 
gen  adsorption  increased  sharply  within  the  pressure  range  of 
P/P0  =  0.9-0.99,  because  of  the  increased  adsorption  in  the  inter¬ 
tubular  pores  [34]. 
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Fig.  7.  Cyclic  voltammograms  of  the  (a)  raw,  (b)  oxidized,  (c)  purified  and  (d)  Fe-doped  MWCNT  electrodes  at  different  sweep  rates  of  5,  20,  50  and  100  mvs-1. 
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Table  2 

Surface  characterizations  of  the  raw,  oxidized  and  purified  MWCNTs  determined  by 
nitrogen  physisorption  at  77  K. 
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Fig.  6  shows  the  porous  structures  (BJH)  of  the  raw,  oxidized 
and  purified  MWCNTs.  The  major  peaks  of  the  raw,  oxidized  and 
purified  MWCNTs  were  at  around  1.75, 1.7  and  1.3  nm,  respectively. 
There  was  a  small  peak  at  around  50  nm  for  the  purified  MWCNTs 
(Fig.  6),  probably  due  to  removal  of  the  metal  nanoparticles  existing 
in  the  tips  of  the  MWCNTs  by  acid  treatment. 

Surface  characterizations  of  the  MWCNTs  based  on  the  N2 
adsorption  isotherms  are  summarized  in  Table  2.  The  oxidized 
MWCNTs  exhibited  a  higher  specific  surface  area  and  pore  volume 
as  compared  to  the  raw  and  purified  MWCNT  samples.  The  same 
results  have  been  reported  by  Chen  et  al.  [33]  for  the  MWCNTs 
grown  by  La-Ni  catalyst. 

3.2.  Hydrogen  storage 

It  is  well  known  that  cyclic  voltammetry  has  a  high  potential 
to  determine  the  reaction  mechanism  of  redox  behaviors.  Thus, 
electrochemical  characteristics  of  the  raw,  oxidized,  purified  and 
Fe-doped  MWCNTs  were  studied  by  cyclic  voltammetry  over  the 
potential  range  of  -1.5  to  0.5  V.  Fig.  7  indicates  the  cyclic  voltam- 
mograms  of  the  raw,  oxidized,  purified  and  Fe-doped  MWCNT 
electrodes  in  various  sweep  rates. 

All  the  electrodes  showed  an  anodic  peak  (ai)  around  -0.75  V 
at  the  sweep  rate  of  20mvs-1,  corresponding  to  the  oxidation  of 
both  Fe  to  Fe  (II)  and  Fe(II)  to  Fe(III).  Upon  the  reversal  of  the  scan 
direction,  a  corresponding  reduction  peak  (c2)  appeared  at  around 
-1.05  V,  attributed  to  the  reduction  of  Fe(II)  to  Fe  and  Fe(III)  to 
Fe(II).  A  similar  phenomenon  has  also  been  reported  by  Hang  et 
al.  [35]  for  Fe203-loaded  carbons.  Fig.  7  indicates  that  the  Fe-doped 
MWCNT  electrode  has  the  highest  peak  currents  (ai ,  c2)  compared 
to  the  other  MWCNT  electrodes.  Moreover,  the  purified  MWCNT 
electrode  has  higher  peak  currents  as  compared  with  the  raw  and 
oxidized  MWCNT  electrodes  due  to  disappearance  of  Fe3C  phases 
resulted  in  the  increasing  of  Fe  interaction  with  the  electrolyte 
(Fig.  3).  The  results  also  showed  that  by  removing  of  the  defective 
graphite  sheets  from  the  raw  MWCNTs  after  annealing  at  450  °C  in 
02  ambient,  their  Fe  peak  currents  increased  compared  to  the  raw 
MWCNTs  (Fig.  7). 

The  cyclic  voltammetry  also  indicated  that  two  small  peak  cur¬ 
rents  appeared  around  the  potentials  of  0.28  and  0.4  V  (Fig.  7(c) 
and  (d)),  originated  from  the  transformations  of  Ni(III)  to  Ni(II)  and 
Ni(II)  to  Ni(III),  respectively  [36].  Further,  reduction  (c2)  and  oxida¬ 
tion  (a2)  peaks  also  appeared  at  about  -1.25  and  0.15  V  for  all  the 
samples.  Lombardi  et  al.  reported  that  these  peaks  are  attributed 
to  hydrogen  adsorption/desorption  on  the  surface  of  MWCNTs  [18]. 
We  also  observed  these  peaks  in  previous  work  [37]  but  for  detailed 


Polarization  potential  (V  vs.  Ag/AgCl) 


Fig.  8.  Cyclic  voltammograms  of  the  Fe-doped  MWCNT  electrode  over  the  potential 
ranges  of  (a)  -1.5  to  0.5,  (b)  -1.35  to  0.5,  (c)  -1.2  to  0.5  and  (d)  -1.05  to  0.5  V  at  a 
sweep  rate  of  20  mv  s-1 . 

investigation,  narrower  potential  ranges  were  applied  for  the  Fe- 
doped  MWCNT  electrode  (Fig.  8). 

When  a  narrower  potential  range  was  used,  the  oxidation  peak 
( a2 )  decreased  and  finally  the  a2  peak  in  the  potential  range  of  - 1 .05 
to  0.5  V  completely  disappeared.  Hence,  it  can  be  concluded  that  the 
anodic  peak  was  related  to  the  oxidation  of  the  adsorbed  hydrogen. 
All  the  results  obtained  from  the  cyclic  voltammetry  and  discharge 
studies  are  summarized  in  Table  3. 

As  shown  in  Fig.  7  and  Table  3,  Fe-doped  MWCNTs  have  the  high¬ 
est  hydrogen  storage  capacity  among  the  other  MWCNT  samples. 
This  result  reveals  that  Fe  is  an  effective  catalyst  for  hydrogen  stor¬ 
age  (Eq.  (1)).  Accordingly,  the  overall  reaction  mechanism  of  the 
MWCNT  electrodes  can  be  obtained  as  follows  [2]: 


H20  +  e-  +  M^M  *  Had  +  OH- 

(i) 

M  *  Had  +  C  ^  C  *  Had  +  M 

(2) 

Fe  +  20H-  ^Fe(OH)2  +  2e- 

(3) 

Fe(OH)2  +  OH-  <=►  Fe(OOH)  +  H20 

(4) 

Ni(OH)2  +  OH-  <=►  Ni(OOH)  +  H20 

(5) 

The  oxidized  MWCNT  electrode  had  higher  hydrogen  storage 
capacity  than  the  raw  MWCNT  electrode.  Thus,  oxidation  increased 
the  surface  area  of  MWCNTs.  This  result  was  also  confirmed  by  our 
BET  and  BJH  analyses.  As  Fig.  7  shows,  the  peak  current  of  hydrogen 
adsorption  (decomposition  of  H20)  increases  proportional  to  the 
active  surface  of  Fe  nanoparticles.  Therefore,  based  on  the  proposed 
reaction  mechanism,  the  H20  decomposition  reaction  (Eq.  (1))  is 


Table  3 

Electrochemical  hydrogen  storage  data  of  the  raw,  oxidized,  purified  and  Fe-doped  MWCNTs. 


410 


A.  Reyhani  et  al.  /  Journal  of  Power  Sources  188  (2009)  404-410 


the  rate-determining  step  (RDS).  This  result  has  also  been  reported 
by  other  researchers  [17,2]. 

4.  Conclusions 

The  effects  of  oxidized,  purified  and  Fe-doped  MWCNTs  on 
the  hydrogen  storage  capacity  and  peak  currents  of  hydrogen 
adsorption/desorption  were  studied.  The  results  showed  that  under 
similar  sweep  rates  of  cyclic  voltammetry,  the  Fe-doped  MWCNTs 
had  the  highest  hydrogen  storage  capacity  as  compared  to  the  raw, 
oxidized  and  purified  MWCNTs.  On  the  other  hand,  according  to  the 
electrochemical  observations,  with  the  increase  in  surface  of  the 
catalyst  (disappearing  of  Fe3C  phase),  the  adsorption/desorption 
peak  currents  of  hydrogen  increased.  Electrochemical  analyses  also 
showed  that  FI20  decomposition  on  the  Fe  catalyst  is  the  RDS  of  the 
hydrogen  storage  process  in  the  MWCNTs. 
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